Adjuvant hyperthermia enhances the response of melanoma to irradiation or antineoplastic drugs. Radiation in combination with a targeted drug delivery system combining a thermosensitive Liposome-encapsulated antitumor drug with hyperthermia may thus result in enhancement of therapeutic efficacy for more effective management of melanoma. The present study was based on this rationale. The therapeutic effect of radiation alone, or in combination with thermosensitive liposome-encapsulated melphalan and hyperthermia, was determined on B16F10 murine melanoma transplanted into C57B1/6 mice. This multimodality regimen resulted in marked enhancement of the antitumor efficacy in treated animals, as determined by significant tumor growth regression (p < 0.001) and prolongation of survival, compared with the level of enhancement seen in animals receiving single-modality treatment. The results suggest that radiothermochemotherapy using radiation in combination with heat-mediated selective delivery of liposomal melphalan to tumor tissue would result in more effective management of melanoma.
[3-141. The clinical use of radiation therapy in the treatment of melanoma is limited to palliation of metastatic or recurrent disease. In vitro studies have shown that melanoma cells have a high capacity for repair of sublethal radiation damage [15, 16] . The use of a higher radiation dose for overcoming the resistance of some of the melanoma cells to irradiation is based on this rationale of high capacity of melanoma cells for the repair of sublethal damage. Several clinical studies suggest that melanoma may be more radioresponsive if large doses per fraction are utilized [l0, 1?] .
The use of hyperthermia as an adjunct to radiotherapy has been reported to have an additive and/or synergistic effect [18] . Adjuvant hyperthermia enhances the response of human melanoma to irradiation and diminishes the importance of the radiation-dose size [19, 20] . Several clinical studies have also demonstrated an increase in the local-regional control rate of melanoma treated with radiation and hyperthermia compared with that rate found with radiation alone [14, 20, 21] . Hyperthermia has also been shown to enhance the therapeutic efficacy of several antitumor drugs [22, 23] .
Effective chemotherapy for metastatic melanoma remains an elusive goal. Hence, new strategies are being tried to improve the therapeutic index of antitumor drugs for management of melanoma. Several clinical trials using combination chemotherapy [24] [25] [26] [27] [28] particularly the BOLD and related regimens (bleomycin, vincristine, CCNU, and dacarbazine) have been reported [29] [30] [31] [32] . In recent years there has been a renewal of interest in the use of hyperthermia as a treatment modality for melanoma therapy, and research has focused on treatment with the combination of hyperthermia and drugs [33, 34] . Raaphorst and Azzam [35] reported the response of transformed and normal cell lines to antimelanin compounds, 2-and 4-hydroxyanisole, alone or combined with hyperthermia or radiation. Treatment of B 16F to melanoma with the combination of hyperthermia, melphalan, and CCNU resulted in progressive delay in tumor growth, reduced metastases, and diminution of proliferative capacity [36] . As antitumor drugs fail to discriminate between normal and target tissues, any approach enabling a chemotherapeutic agent to reach its target in a selective manner would represent a major advancement in cancer chemotherapy.
Recent work has shown that liposomes may fulfill this requirement. The goal of using liposomes as a carrier system involves delivery of a high concentration of drug at the target site where beneficial effects may occur and a low drug concentration at other sites where adverse side effects may occur. In the present study we prepared thermosensitive liposomes for encapsulation of melphalan and determined the antitumor efficacy of liposomal melphalan in combination with hyperthermia and radiation on murine melanoma with the aim of developing more effective therapeutic protocols for management of melanoma.
MATERIALS AND METHODS
Chemicals. Dipalmitoyl phosphatidyl choline (DPPC), distearoyl phosphatidyl choline (DSPC), and Sepharose-4B were obtained from Sigma Chemicals Co.
(St. Louis, MO). The purity of the lipids was checked by thin-layer chromatography on silica gel plates. Melphalan was obtained from Wellcome Foundation Ltd., Londra Pomezia (Rome). It was dissolved in phosphate-buffered saline (0.2 M, pH 7.2, PBS) at a concentration of 3 mg/ml just before use. All other chemicals used were analytical grade purchased from SISCO Research Laboratories, Bombay, India. The organic solvents used were HPLC grade purchased from Qualigens, India.
Animals and tumors. C57B1/6 mice were purchased from National Institute of Immunology (New Delhi, India), and from the National Institute of Nutrition, Hyderabad. B 16F 10 murine melanoma was a gift from Dr. Vincent Hearing, National Institutes of Health, (Bethesda, MD). Melanocytes (3 x 106 in 50 al PBS) were injected subcutaneously (s.c) into the shank region of 10-to 12-week-old male C57B1/6 mice. The tumors were allowed to develop for 15 to 20 days. Tumor size was determined by measuring the tumor volume according to the formula V = rr/6 X D 1 X D2 x D3, where "Dl, D2, D3" represent three orthogonal diameters.
Preparation of small unilamellar vesicles. Small unilamellar vesicles (SUVs) were prepared by the method of Kirby and Gregoriadis [37] . Briefly, DPPC and DSPC at a molar ratio of 9 : 1 were dissolved in chloroform : methanol (2: 1 v/v), at 25 mg of total lipid/ml of organic solvents, evaporated under reduced pressure, and dried by overnight desiccation. The lipid film was then suspended in 200 u1 of distilled water and sonicated with a probe-type sonicator (Sonicator W-385, Heat Systems Ultrasonics Inc., Farmingdale, NY) at 100 mA, 1 pulse/s for 30 min with intermittent cooling. Melphalan was suspended in PBS (3 mg/ml), flash frozen, and lyophilized. Distilled water (0.2 ml) was added and vortexed for 20 min. The volume was then made up to 2 ml, and the material was centrifuged at 105,000 x g for 1 h at 4°C. The liposomal pellet was suspended in 0.5 M NaCI, and the nonentrapped melphalan was removed by passing the liposomal suspension through a Sepharose-4B column. Alternatively liposomes were prepared by use of a Liposomat (Dianoram, Germany). Liposomat usage helped in the preparation of homogeneous, stable, small unilamellar vesicles of a defined, uniform size. The phosphorus content of the liposomal preparation was estimated by Bartlett's method [38] . Hyperthermia treatment. Hyperthermic treatment was given by immersing the tumor-bearing leg of animals in a circulating water bath maintained at 42± 0.2°C and equipped with specially designed Plexiglas holders by use of which only the tumor-bearing leg was in contact with the hot water. The mice were air cooled during the heat treatment. The temperature in the center of the tumor was measured with a small thermistor probe having a 0.8 mm diameter (Tastomed, P.
Braun Electronics, Frankfurt, Germany). The tumor temperature rose within 5 min from 34 to 43°C, whereas the rectal temperature increased only from 37 to 39°C and varied by 0.5°C during the heating.
Radiation treatment. Irradiation was given with a Theratron 60, GS-900 machine (total dose of 150 cGy per treatment). All treatments were administered to nonanesthetized mice placed in a Plexiglas box. Their tumor-bearing legs were exposed and tumors only were irradiated while the remainder of the animal was being shielded by 1 cm of lead.
In vivo radiothermochemotherapy studies. Experiments were performed on day 14-15 after inoculation of B 16F 10 murine melanocytes into C57B1 /6 mice. On day 14-15 animals were randomized into the following groups (6 mice/group); untreated controls, C; radiation (150 cGy), RT; radiation (150 cGy) with melphalan (3 mg/kg body wt), RT+CT; radiation (150 cGy) with hyperthermia (42°C, 1 h), RT + HT; and radiation (150 cGy) in combination with thermosensitive liposome-encapsulated melphalan and hyperthermia (42°C, 1 h), (M-ThLip + RT + HT). The amount of melphalan entrapped in liposomes was equivalent to that used in the group receiving free drug in solution. Initial tumor dimensions were recorded before commencement of the treatment. For radiothermochemotherapy studies radiation was given prior to thermochemotherapy. For thermochemotherapy 250 1ul of liposomal suspension (3.75 1umol phospholipid containing 60 pug melphalan) was injected into a tail vein of the mice just before commencement of the hyperthermic treatment. The mice that received hyperthermia alone, or in combination with an injection of thermosensitive liposome-encapsulated melphalan as mentioned above, were transferred to Plexiglas holders for hyperthermic treatment. Hyperthermia was given within 30 s of injection of the thermosensitive liposome-encapsulated melphalan. The plasma half life of melphalan is 25 min. Hence heat and drug-loaded liposomes were administered simultaneously for maximum potentiation of the antitumor effect. In the groups receiving hyperthermia in combination with radiation, hyperthermia was given within 10 min of radiation treatment, with the aim of killing the radioresistant population of cells. Heating was continued for 1 h. Thereafter, tumor volume was measured. The treatments were repeated on alternate days six times over a period of about 2 weeks. Tumor volume was measured daily for a period of 1 month, and the survival of the animals was monitored for 3 months. Each experiment was repeated three times.
Statistical analyses. Differences in medians among treatment regimens within each group were tested by the Kruskal-Wallis test [39] . Multiple comparisons were performed when significant differences were found.
RESULTS

In vivo radiothermochemotherapy studies
Thermosensitive, small, unilamellar vesicles prepared from synthetic lipids, ENHANCED ANTITUMOR EFFECT OF RADIATION 141 DPPC : DSPC in 9 : 1 molar ratio, and having a gel-to-liquid crystalline phase transition at 4TC (determined by differential scanning calorimetry, data not shown) were used for encapsulation of melphalan. The effect of in vivo radiothermochemotherapy on tumor growth regression was studied. The variation in tumor Fig. 1 . Tumor regression studies. Changes in melanoma tumor volume with different treatments expressed as the mean +SE. Each group consisted of 6 animals, and each experiment was repeated thrice. 0, control; •, radiotherapy at 900 cGy; v, radiation and hyperthermic treatment at 43°C for 1 h; iii, chemotherapy (melphalan in solution, 3 mg/ml) and radiotherapy; o, thermosensitive liposome-encapsulated melphalan, radiation, and hyperthermia. volume with different treatments with respect to time after tumor implantation is shown in Fig. 1 . The results of statistical analysis of variation in tumor volume (mean ± SE) with time (days after tumor implantation) of mice subjected to different treatments are shown in Table 1 . A progressive increase in tumor volume from 309±12.5 cu.mm on day 15 to 538± 15.6 cu .mm on day 20 and to 1,178±78 cu.mm by day 30 was observed in the control group of animals that did not receive any treatment. In the radiation (900 cGy)-treated group, there was a slower increase in tumor volume. A tumor-growth delay of 3 days was observed, in comparison with the control, for the animals to reach a tumor volume of 535±31.8 cu.mm. A similar delay was observed in animals receiving a combination of radiation and hyperthermia, or radiation and free drug, melphalan , in solution. In contrast, animals receiving the combination of radiation, hyperthermia and temperature sensitive liposome-encapsulated melphalan showed significant tumor growth delay compared with animals receiving thermochemotherapy or thermoradiotherapy. Animals treated with a combination of radiation followed by hyperthermia showed a progressive decline in tumor volume to 426+21.5 cu.mm by day 30. A similar decrease in tumor volume was also observed in animals receiving the combination of radiation and free melphalan in solution. No significant difference in tumor growth regression pattern was observed in animals receiving radiation in combination with hyperthermia or chemotherapy . A significant decrease in tumor volume (276± 24.6 cu.mm on day 30, p<0.001) was observed in mice treated with the combination of radiation, hyperthermia and thermosensitive liposome-encapsulated melphalan.
Survival studies
The percentage of survival of tumor-bearing animals subjected to the different treatments is shown in Fig. 2 . In the control untreated group of tumor-bearing animals, 50% of the animals died by day 30; all the animals in this group were dead by day 55. A similar survival rate was observed in radiation therapy and radiochemotherapy groups till day 85. A marked improvement in survival rate was observed in the animals treated with the combination of radiation and hyperthermia. Over 40% of animals in this treatment group survived till day 75, and 20% of the animals were still alive on day 115. However, the most significant prolongation in survival rate was observed in the multimodality-treated group receiving radiation in combination with thermosensitive liposome-encapsulated melphalan and hyperthermia. Over 60% of animals in this treatment group were still alive on day 100. No recurrence of secondary tumors was observed up to 120 days, and no tumor metastasis was observed.
DISCUSSION
Radiation therapy has been the most commonly used modality for treatment of locally advanced non-resectable malignancies [40] , and new strategies are being explored for augmenting the antitumor effects of radiation. Combined modality therapy using radiation in combination with hyperthermia [41] or chemotherapeutic agents [42] has shown great promise in the clinic. The rationale for this combined modality approach is based on two facts: (1) some antitumor drugs are cytotoxically interactive with radiation and hyperthermia [43] , and (2) hyperthermia [44, 45] and some antineoplastic agents [46, 47] can effectively attack radioresistant subpopulations of tumor cells in G1 and GZ/M-phases of the cell cycle under the conditions of hypoxia at low pH.
In viva radiothermochemotherapy studies presented herein were designed based on this rationale. In the multimodality approach, radiation therapy was used to destroy the radiosensitive population of melanocytes, cells in the S-phase of the cell cycle. The radioresistant population of tumor cells was subjected to thermochemotherapy using thermosensitive liposome-encapsulated melphalan in combination with hyperthermia. Local hyperthermic treatment of tumors would result in preferential targeting of thermosensitive liposomes to the tumors [48] . A heatmediated increase in tumor blood flow may result in increased uptake of drugloaded liposomes by tumor tissue [47] . In the heated tumor tissue, the temperature-sensitive, drug-loaded liposomes undergo gel-liquid phase transition, resulting in increased permeability of the liposomal membrane and selective release of the drug, thereby causing enhanced cell killing [49] . Furthermore, thermosensitive liposomal encapsulation of melphalan would also prevent release of the drug in unheated normal tissues, thereby reducing normal tissue toxicity. The in vivo studies presented herein clearly show that radiation treatment resulted in partial tumor growth regression only. The combination of radiation with hyperthermia or melphalan led to a significant reduction in tumor volume (p < 0.001) compared with radiation alone. The tumor-bearing animals receiving multimodality therapy involving radiation followed by drug-loaded liposomes and localized hyperthermia showed significant tumor regression (p <0.001) compared with the animals treated with the combination of radiation with hyperthermia or free drug, melphalan. The mice receiving this multimodality therapy also showed the maximum prolongation of survival; i.e., over 60% of the treated animals were alive more than 100 days after the tumor inoculation.
Hyperthermia-mediated, targeted drug delivery of cisplatin or methotrexate encapsulated in temperature-sensitive liposomes to murine tumors has been shown to result in similar enhancement of antitumor efficacy [49] [50] [51] . Overgaard et al.
[52] demonstrated synergistic interaction between hyperthermia and cisplatin given in various schedules as an adjuvant and radiation treatment of solid tumors in vivo.
In conclusion, our data show greater tumor growth regression and prolonged survival produced by the combination of radiation, thermosensitive liposomeencapsulated melphalan, and hyperthermia, suggesting that this multimodality approach will be useful for management of melanoma. 
